We studied the structural modifications of a Pt/Co/Pt trilayer epitaxial film under Ga + 30-keV ion irradiation by means of classical molecular dynamics and Monte Carlo simulations. The semiclassical tight-binding second-moment approximation potential was adjusted to reproduce the enthalpies of formation, the lattice constants, and the order-disorder transition temperatures for Co-Pt alloys. We found that during irradiation, the sandwich-type Pt(fcc)/Co(hcp)/Pt(fcc) film structure underwent a transition to the new solid solution α-Co/Pt(fcc) phase. Our analysis of the short-range order indicates the formation, within a nanosecond time scale, of a homogeneous chemically disordered solution. The longer time-scale simulations employing a Monte Carlo algorithm demonstrated that the transition from the disordered phase to the ordered L1 0 and L1 2 phases was also possible but not significant for the changes in perpendicular magnetic anisotropy (PMA) observed experimentally. The strain analysis showed that the Co layer was under tensile strain in the lateral direction at the fluences of 1.5 × 10 14 -3.5 × 10 14 ions cm −2 ; this range of fluences corresponds to the appearance of PMA. This strain was induced in the initially relaxed hcp Co layer due to its partial transformation to the fcc phase and to the influence of atomic layers with larger lattice constants at upper/lower interfaces.
I. INTRODUCTION
Ion irradiation has proven itself as a powerful tool for modifying properties of materials on the nanoscale [1] . These include multilayered (MLs) magnetic films, which are interesting for magnetic applications [2] [3] [4] due to perpendicular magnetic anisotropy (PMA). Particular regions in Co/Pt films can be modified to change the magnetization direction from perpendicular (out-of-plane) to in-plane [5] [6] [7] by different types of ions in the 20-keV-2-MeV energy range. Due to a strong dependence of PMA on magnetic layer thickness and interface roughness [8] [9] [10] , it is evident that degradation of magnetic anisotropy arises from ion-beam mixing, which reduces in-plane strain and Co-Pt hybridization at the interfaces. However, the appearance of PMA in MLs after ion irradiation is less understood.
It was found that irradiation of in-plane magnetized Pt(5 nm)/Co(3.3 nm)/Pt(20 nm) epitaxial thin films by Ga led to the transition from in-plane magnetization to out-ofplane magnetization [11] . Such a transition can be explained, for instance, by the formation of ordered phases during the intermixing of the layers. The candidates among known Co-Pt phases [12] with high magnetic anisotropy are L1 0 -type Co 50 Pt 50 [12] , L1 1 -type Co 50 Pt 50 [13] , and D0 19 -type Co 75 Pt 25 [14, 15] . In addition, the presence of platelike Co clusters parallel to the sample surface in ordered L1 2 -type Co 25 Pt 75 films may induce PMA as well [16, 17] . All these lattices [except for the D0 19 , which has a hexagonal close-packed (hcp) structure] are similar to a face-centered-cubic (fcc) structure and differ from equilibrium (α-Co, Pt) solid solutions [18] by chemical ordering and the c/a ratio. At the same time, the extended x-ray-absorption fine-structure (EXAFS) analysis of the irradiated films [19] showed significant in-plane tensile strain, which is quite opposite to the results [8] for similar but thinner Pt(2.5 nm)/Co(1.3 nm)/Pt(3.7 nm) films irradiated by He + ions. A high lateral strain is typical for thin Co [20] and hcp-CoPt [21] films with thicknesses less than 1.5 nm in which PMA is present and strain appearance in the irradiated 3.3-nm-thick film could explain the observed PMA as well.
A vast variety of possible structures and strain effects along with the complication of experimental detection of chemical order in random mixed alloys confounds a clear understanding of the nature of PMA in irradiated Co/Pt thin films. In the present paper, we simulated the structural modifications of Pt-Co-Pt sandwich-type thin films caused by Ga + 30-keV ion irradiation by means of molecular dynamics (MD) and Monte Carlo (MC) methods. We focused on the analysis of the long-range order (LRO) and short-range order (SRO) in the simulated structures. We correlate the found structural modifications with anisotropic magnetic properties observed experimentally in these films to elucidate the nature of the induced PMA.
II. METHODS
In the present paper, the irradiation processes of Pt/Co/Pt thin films were simulated by using the PARCAS [22] and LAMMPS [23] codes which are based on the classical MD method. This method relies on interatomic potentials developed to describe atomic interactions resulting in macroscopically observable properties of the material of interest. This is the reason why we pay particular attention to the validity and applicability of the chosen interatomic potential to the problem at hand.
A. Potential development
Order-disorder transitions in Co-Pt alloys have been extensively studied by computer simulations over the past few decades. The Ising model of ordering in Co-Pt alloys [24] , for instance, demonstrated the importance of the contribution of pair exchange interactions dependent on magnetic states to the total energy of the system. Moreover, recent ab initio calculations [25, 26] showed that chemical ordering is driven by magnetic interactions as well. The quantum-mechanical nature of magnetism puts in question the applicability of classical potentials to study the magnetic ordering in Co-Pt alloys. It was, however, pointed out [26] that the classical empirical potentials can, in principle, describe the right behavior of magnetic systems by including specific correction terms responsible for magnetic interactions. This idea is supported by various MC calculations of the order-disorder transition in Co-Pt alloys using classical potentials: the modified embedded-atom method (MEAM) [27, 28] and tightbinding second-moment approximation (TB-SMA) [28] [29] [30] . These potentials were developed without a magnetic term, but it was assumed that the energy state of the ordered phases (L1 0 ,L1 2 ) is lower than that of the chemical disordered fcc phase (A1) and the energy difference correlates with the transition temperature T t as E ≈ k B T t , where k B is the Boltzmann constant. We used a similar approach to develop an empirical potential suitable for both MD simulations of ion irradiation of Co/Pt thin films and the study of order-disorder transitions in these systems.
The TB-SMA model [31] [32] [33] was used as a functional form for energy expression. Here, the energy E i of a particle with the index i is calculated as the sum of the attractive band energy 
Here, the subscripts I and J refer to the type of atoms (Co or Pt), correspondingly, and the sums are taken over all atoms j within the cutoff distance r c . Initially we assumed the parameters A, ξ, p, q, r 0 , and r c as in Ref. [34] where the pure components of the Co/Pt system were fitted to the experimental values of the cohesive energies, lattice constants, and bulk moduli, and the mixed system was described by adjusting the parameters to reproduce the correct value of the heat of dissolution in the dilute solution limit. We found, however, that the melting point of Co bulk was strongly underestimated, which caused too intense atomic mixing in high-energy atomic cascades during ion irradiation. To avoid this problem we used the parameters for Co-Co interactions as in Ref. [35] , which resulted in a more accurate melting point for pure cobalt.
The remaining parameters (ξ I J , q I J , ξ J I , q J I , A I J , p I J , r 0,I J , and r c,I J ), which define the cross-species interactions, were readjusted. The reference values [18] Optimal parameters, found by solving the least-squares problem with the genetic algorithm [36] , are presented in Table I .
Values obtained with the new parametrization are shown in Table II and compared to existing TB-SMA potentials [30, 34] . Additionally, we calculated the enthalpies of formation for several ordered Co-Pt alloys and compared them to ones for solid solutions with fcc and hcp lattices. As seen in Fig. 1 , the most energetically favorable phases are chemically ordered, except for the L1 1 -CoPt phase, which has the lower ground state than the disordered phase according to ab initio calculations [25, 26] .
The Ga-Pt, Ga-Co, and Ga-Ga interactions were described as a repulsive Ziegler-Biersack-Littmark (ZBL) universal screening function [37] , which was set smoothly to zero with a fifth-order polynomial at a distance from 4.5 to 4.8Å. Additionally, the pair potential part E r i was replaced by the ZBL function at short distances (r ij < 1.5Å) for a better description of the high-energy interactions of Pt-Pt, Co-Co, and Pt-Co.
B. Simulation setup
The Pt/Co/Pt sandwich-type thin film was constructed by joining three rectangular boxes containing bulk fcc Pt and bulk hcp Co. The boxes were stacked in the manner of a sandwich in the following order: (i) the 5-nm-thick Pt(111) top layer, (ii) the 3.3-nm-thick Co(0001) middle layer, and (iii) the 20-nm-thick Pt(111) bottom layer. The schematic of the simulation box is shown in Fig. 2 . The thicknesses of the layers were chosen to match exactly some of those used in recent experiments [11] . Additionally, we studied the dependence of initial strains in the modeled sandwich-type interfaces on the Co layer thickness. The initial configuration was similar to the one described above, except for the thickness of the Co layer, which was varied in the range of 0.8-5.0 nm.
C. Molecular dynamics simulations of ion irradiation of Pt/Co/Pt thin films
Before simulations of ion irradiation, the simulation box was relaxed at room temperature using the Berendsen [38] temperature during 200 ps. During the ion irradiation runs the periodic boundary conditions were applied along the X and Y axes. The top surface was kept open, and three atomic layers were fixed at the bottom to prevent the entire system from moving during the bombardments. The incoming Ga + ions with the energy of 30 keV bombarded successively the open surface. The location of the subsequent impact was chosen at random by shifting randomly the cell in the lateral directions after the previous impact. All irradiation events were simulated at room temperature and with normal angles of incidence. We included electronic stopping as an additional force, which was applied on every atom with kinetic energy higher than 10 eV. Magnitude of the force was calculated from the data provided in the stopping and range of ions in matter (SRIM) [39] software according to the kinetic energy of the atom, and the force direction was opposite to the direction of the velocity vector of the atom. To model heat dissipation from the impact region, the Berendsen temperature scaling was applied at the periodic lateral boundaries with a layer thickness of 0.5 nm, which was immersed in the heat bath at 300 K. Each irradiation event was simulated during 120 ps, which was sufficiently long to cool the entire system to room temperature. The Ga atoms were removed from the sample after each impact. We neglected possible effects of the presence of Ga, such as the formation of the Ga-Pt or Ga-Co alloys and lattice distortions, due to its small concentration. The maximum Ga atomic concentration was lower than 1% at the highest fluence.
D. Monte Carlo simulations of the order-disorder transition
We studied the order-disorder transitions in the Pt/Co systems by performing the isothermal-isobaric (NP T ) ensemble simulations with the coupled Metropolis MC and MD techniques as implemented in the LAMMPS [23] code. After the relaxation run performed by MD, we applied the MC swapping step between Co and Pt atoms. Two atoms for a swap were selected randomly with equal probability among all the atoms and were always of different types. The swap of the selected atoms was accepted with respect to the change in the potential energy of the system E at the fixed temperature after the swap ( E = E a − E b , where E b and E a are the total energies of the system before and after the swap) in accord with the Metropolis criterion: Either E < 0 and thus the configuration after the swap was more favorable, or the factor exp(− E/k B T ) was less than a random number uniformly generated in [0, 1] . Between the two subsequent MC swapping steps ten MD steps were performed, and this procedure was repeated until the system reached the thermal equilibrium.
The described MC algorithm was modified to study the order-disorder transitions in the irradiated structures. Since the atomic concentrations of Co and Pt were not homogeneous in the entire simulation cell, the swaps between two randomly chosen atoms from anywhere in the cell would lead to enhanced atomic mixing and smoothening of the distributions of atoms of different species through the cell. Although this may happen on very long time scales, since both metals are miscible, we aim to analyze the atomic composition of the irradiated cells within finite time scales. Thus, we limited the environment for the choice of the two atoms for a swap to the first-nearest neighbors only. This modification is motivated by the mechanism of self-diffusion via atomvacancy exchange, which is limited to the bond length [40] . In this approach, we assumed that the concentration of vacancies is nonequilibrium and due to many successive cascades is sufficient for the swap candidates to be chosen with equal probability among all atoms.
E. Analysis methods
We performed an analysis of the chemical SRO (CSRO), LRO, interface roughness, and strains in the irradiated samples, which were preliminarily quenched at 0 K using the conjugate gradient algorithm. For the strain analysis, we removed the periodic boundary condition in the x and y directions resulting in the formation of additional open surfaces. This allowed relaxation of lateral strains in the layers of Pt and Co separate from each other. We excluded the contribution from the surface tension and defects caused due to the breakage of periodicity by not taking into account atoms in the subsurface regions. The cutoff distance of 1.5 nm was used to define the subsurface regions (both for the top and for the side surfaces).
The CSRO was characterized by the short-range order parameter (SROP). The SROP was calculated as the ratio of the number of chemically ordered atoms to the total number of atoms in the system. Here, we defined the local chemical order in terms of chemical bond arrangement for the atoms up to the second-nearest-neighbor environment.
In our simulation cells, we defined the L1 0 and L1 2 phases as follows. An atom i of type I was considered to have the L1 0 order if the next requirements were fulfilled: (i) It had 12 nearest neighbors; (ii) eight of them were of type J and the four remaining were of the same type I ; (iii) the bonds between atom i of type I and its four I -type neighbors belonged to the same plane. The normal vector to this plane defined the orientation of the L1 0 unit cell and corresponded to the easy axis of magnetization. An atom i of type I was defined as having the L1 2 order, if: (i) It had 12 nearest and six secondnearest neighbors; (ii) 12 nearest-neighbor atoms were of type J ; (iii) five or six second-nearest neighbors were of type I .
The LRO was characterized by the lattice structure type. There were two possible types of the lattice: fcc [preferred for pure Pt and (α-Co,Pt) solid solutions] and hcp (pure Co). The lattice type was analyzed with the adaptive common neighbor analysis (a-CNA) method [41, 42] implemented in the OVITO package [43] . Atoms with fcc lattices were indexed by 1, and atoms with hcp lattices were indexed by 2.
Interface roughness was measured in two steps: First, the mathematical models of the surfaces representing the top part of the upper Pt layer, the upper Pt-Co interface, and the lower Co-Pt interface were produced with a polyhedral mesh [44] ; second, the standard deviation of the Z coordinate from every mesh element was calculated and defined as roughness. To analyze the strain induced by ion irradiation, we calculated the average length of the Co-Co bonds along the z axis. We separated the Co-Co bonds into in-plane bonds and out-of-plane bonds according to their packing. Lengths of the in-plane bonds (r in ) were calculated for atoms belonging to the same close-packed plane as shown in Fig. 3 . Lengths of the out-of-plane bonds (r out ) were calculated for atoms on neighboring close-packed planes (see Fig. 3 ). We characterize lateral strain in the hcp matrix with the c/a ratio. In the perfect hcp structure with the c axis directed along the z axis, the c/a ratio is expressed as follows:
The c/a ratio in the irradiated samples was calculated using Eq. (3). The direction of the c axis coincided with the direction of the z axis since the Co-rich layer retained an initial (0001) orientation of hcp Co and no grains of different crystallographic orientations formed during irradiation.
III. RESULTS AND DISCUSSION

A. Simulation of order-disorder transition in bulk Co/Pt alloys
With the purpose to verify that the fitted values for enthalpy of formation (Table II) correspond to the target transition temperatures, we applied the MC swapping algorithm to simulate order-disorder transitions in bulk Co/Pt alloys. The simulation cell containing 4000 atoms was constructed from ordered and disordered phases in proportion 1:1. It was initially relaxed in MD runs for 10 ps in the NP T ensemble for various temperatures and zero pressure. We performed a series of the runs in the range of temperatures of 500-1100 K with the increment of T = 50 K. The results are shown in Fig. 4 where the SROP value was averaged over 20 frames taken every 10 ps after the thermal equilibration had been obtained. The estimated temperature of the L1 0 → A1 transition was 980 K for the CoPt alloy and the L1 2 → A1 transition was 850 K for the CoPt 3 alloy. As shown in Table II , the calculated transition temperatures are underestimated for the CoPt 3 alloy by 170 K and for the CoPt alloy by 120 K in comparison to the experimental values. It was found that the MC algorithm with a MD relaxation step in an NP T ensemble predicted a phase transition at lower temperatures compared to the values reported [27, 30] to thermal expansion of the sample in NP T simulations as well as to the more effective lattice relaxation due to atomic displacements along the force vector in MD [45] .
B. MD simulations of ion irradiation of Pt/Co/Pt thin films
Mixing and long-range ordering
The irradiation simulations were run for 2000 consistent impacts in total. From all these impacts we chose four for detailed analysis, which correspond to the cases of different reorientations of magnetization observed in the experiments [11] . At the very low fluence of 1.0 × 10 14 ions cm −2
(420 impacts) the film retained its initial in-plane magnetization. Starting from this fluence, the reorientation of magnetization from the in-plane to the out-of-plane direction occurred, and the maximum of the magnetic anisotropy was observed at the fluence of 2.5 × 10 14 ions cm −2 (1045 impacts). With further dose accumulation, the reorientation of magnetization took place in the opposite way: from the outof-plane to the in-plane direction. We chose the intermediate configuration at the fluence of 3.5 × 10 14 ions cm −2 (1460 impacts) to characterize this regime. Finally, magnetization turned to in plane at fluences higher than 4.2 × 10 14 ions cm
(1760 impacts). The depth profiles of Co atomic concentration from our MD simulations are shown in Fig. 5 . In addition, the same profiles, but obtained with the binary collision approximation code TRIDYN [46] are given for comparison. According to the calculated profiles, the equiatomic composition required for formation of the ordered L1 0 -CoPt phase could be found near the upper interface at the depth between 4 and 5 nm and near the lower interface at the depth between 8 and 9 nm. The L1 2 CoPt 3 could be formed at the same depths as the L1 0 phase, whereas L1 2 Co 3 Pt is expected to grow inside the Co layer at depths between 5 to 6 nm and 7.3-8.3 nm.
Both MD and TRIDYN profiles have asymmetric shapes with the bias towards the surface, which indicates a stronger intermixing of Co and Pt at the upper interface and can be explained by the asymmetric distribution of vacancies with respect to the Co layer (see Fig. 6 ). The bias is more significant for profiles obtained in MD simulations and increases with an accumulated dose. This distinction is explained by different cascade relaxation effects in both MD and TRIDYN, which becomes more pronounced in the presence of the surface. The dense collision cascades form the thermal spikes (molten) regions in MD simulations, which recrystallize much faster in the bulk than in the surface layers due to the different efficiencies of heat dissipation [47] , which, as a result, lead to a stronger atom mixing near the surface. However, the effect of thermal spikes is less noticeable at depths far from the surface where the MD and TRIDYN profiles are similar to each other. The low influence of thermal spikes on mixing is typical for metals with high melting temperatures [48] , such as Pt. The difference between upper and lower interfaces is clearly seen in Fig. 7 where the surface and interface roughnesses are presented as a function of the fluence. The roughness of the upper Co interface was found to be much higher than the roughness of the lower Co interface. This result correlates very well with the measurements of interface roughness by x-ray reflectometry [8] where the roughness was found to be more pronounced near the upper Co/Pt interface compared to the lower one. Also, we note that the surface (top Pt layer) becomes fairly rough already at low fluences, visible in the shape of craters. Such surface roughening is typical for collision cascades in the heat spike regime due to the plastic flow of atoms and cratering [49] [50] [51] [52] . With the increase in the fluence, the roughness of the Pt surface is not increasing much due to crater annihilation [53, 54] during subsequent impacts.
The CNA analysis (Sec. II E) showed that the structure remained crystalline with a negligible fraction of point defects, dislocations, and stacking faults after irradiation at all fluences. In Fig. 8 we presented the type of lattice structure as a function of depth. Here, we excluded atoms with an undefined lattice type, which were interstitials, vacancies, and the surface atoms. Stacking faults and dislocation, however, are taken into account in the analysis shown in Fig. 8 and contribute to the peaks at depths of 3-5 and 8-10 nm. The pronounced peaks at depths of −2 to 1 nm are caused by changes in the surface morphology due to its high roughness. We observed that transformation from the fcc to the hcp structure occurred with a couple of the upper atomic layers on the surface protrusions. As the most significant result, we found that the thickness of the hcp Co layer was changing with the fluence. From the initial value of 3.3 nm in the as-prepared sample, the thicknesses were reduced to 2, 1, and 0.5 nm at the fluences of 1.0 × 10 14 , 2.5 × 10 14 , and 3.5 × 10 14 ions cm −2 , correspondingly. The hcp structure vanished completely at the fluence of 4.2 × 10 14 ions cm −2 . This result indicates that during irradiation, the transition from the -Co/Pt hcp phase to the α-Co/Pt fcc phase occurs at both the upper and the lower interfaces. Assuming the strong dependence of magnetic anisotropy on the thickness of the Co layer in trilayer Pt/Co/Pt films [11] , this variation in the thickness of the hcp layer could already explain the appearance of PMA. However, according to ab initio studies [55] , the appearance of PMA in hcp Co is related to a lateral tensile strain and the reduction in the c/a ratio, which was experimentally observed [21] only in the thin hcp Co/Pt structures. We also performed the calculation of strains in the irradiated samples, which will be addressed later on in the discussion.
Short-range ordering
The SRO analysis of the configurations obtained in the MD simulations did not exhibit any significant chemical ordering, except for a few single atoms in the L1 0 or L1 2 phases, which may be also attributed to random fluctuations. This observation is in agreement with previous works [56, 57] on disordering kinetics in irradiated intermetallic compounds. It was found that degradation of chemical SRO occurs in chemically ordered alloys in the collisional cascades due to the different time scales of the LRO and the chemical SRO recovery process. Thus, a crystalline structure restores quickly, preventing the chemical ordering; this happens in molten zones due to enhanced mobility of atoms. In our case of the trilayer film with no initial chemical SRO, the appearance of the latter during the cascade quenching is highly unlikely. Also, the time scale, which can be reached in MD simulations for the postcascade relaxation process, is several orders of magnitude lower than that predicted in MC simulations [58, 59] We studied four configurations obtained in MD simulations discussed above at the fluences: 1.0 × 10 14 , 2.5 × 10 14 , 3.5 × 10 14 , and 4.2 × 10 14 ions cm −2 . Simulations were performed at room temperature and zero pressure for 10 6 MD steps and 10 7 MC steps. The number of simulation steps was sufficient to obtain stable fractions of the ordered phases although low enough to prevent homogenization of the system. After that the chemical SRO analysis was performed for all structures and the SROP was calculated. As the normalization factor, we chose the number of atoms in the region with nonzero Co atomic concentration, which was approximately equal to 3 × 10 5 for all fluences. In Fig. 9 we present the bar diagrams where the SROP is shown separately for L1 0 CoPt, L1 2 Co 3 Pt, and L1 2 CoPt 3 . We found the presence of both L1 0 and L1 2 ordered phases, which were not observed in MD simulations, but were predicted from the depth profiles of atomic concentrations in Sec. IIIB1. The fraction of the magnetically anisotropic L1 0 phase monotonically grows with the fluence as seen in Fig. 9 . It happens due to mixing of the Co and Pt layers as the fluence increases. It can be seen in Fig. 5 that atomic concentration profiles become wider with the fluence, and hence the regions where the equiatomic composition of Co and Pt can be observed are enlarging. The appearance of PMA at low fluences could be explained by the growth of the L1 0 phase. However, our results cannot explain the disappearance of PMA at high fluences as the L1 0 phase continues to grow. Thus, the origin of induced magnetic anisotropy is not related to the formation of the ordered L1 0 phase.
Strains
We analyzed strains in the irradiated samples, which were not optimized with the MD-MC technique. As the presence of the L1 0 phase does not correlate with the observed magnetic properties, we did not find it necessary to analyze strains in the structures obtained after the MD-MC optimization. The results are shown in Fig. (a) It can be seen that both bond lengths, in-plane and out-of-plane, increase with the distance from the initial position of the Co layer where the atomic concentration of Pt becomes higher. Taking into account the facts that Co atoms are incorporated in the fcc matrix and that the lattice constant in the α-Co/Pt alloy grows with Pt concentration, we assume that the increase in the Co-Co distance is due to the Co-Pt alloying rather than to the induced strain. Also, the same length of in-plane bonds and out-of-plane bonds does not allow for distinction between different crystallographic directions and, thus, should not cause the appearance of PMA.
Inside the Co layer, we observed the difference between inplane and out-of-plane bonds, which is typical for hcp crystals with a nonideal axial ratio (c/a). However, this difference vanished at the upper Pt/Co and lower Co/Pt interfaces, indicating the transition from the hcp to the fcc structure. At the fluences of 3.5 × 10 14 and 4.2 × 10 14 ions cm −2 , the difference between orientations is almost indistinguishable. Both in-plane and out-of-plane bond lengths grow with the fluence due to the penetration of Pt atoms inside the hcp matrix; however, as it was shown later, this effect depends not only on Pt concentration, but also on a thickness of the hcp layer. In Fig. 10(b) we plot the c/a ratio. The equilibrium c/a ratio calculated for bulk hcp Co was 1.615; however, in the as-prepared epitaxial films it was lower and amounted to 1.604. At the fluence of 1.0 × 10 14 ions cm −2 the calculated c/a ratio was about the same as for as-prepared sample, and at the fluence of 2.5 × 10 14 ions cm −2 it decreased, which points to the presence of lateral tension inside the Co layer. With a further increase in the fluence, the c/a ratio grew up towards the ideal ratio of 1.633 typical for the fcc structure. The decrease in the c/a ratio at 2.5 × 10 14 ions cm −2 could not be explained by the chemical composition of the -Co/Pt hcp phase; as in the bulk sample, this ratio stays constant with increasing Pt atomic concentration. The decreased value of the c/a ratio indicates the presence of strain inside the hcp layer due to its thinning, whereas interface atoms are at the influence of upper/bottom layers with larger lattice constants. This idea correlates with the CNA analysis discussed in Sec. IIIB1. Thus, in the nonirradiated sample and in the sample at the fluence of 1.0 × 10 14 ions cm −2 , the thickness of the hcp layer is higher than the critical value at which strains are present. Although the transition from the hcp to the fcc structure occurs in the interfaces during ion-beam mixing, the hcp layer becomes thinner, and the strain in it is increased.
To prove this hypothesis, we studied the strain distribution in the Pt(5 nm)/Co(d Co )/Pt(20 nm) films by varying the thickness of the Co layer. In Fig. 11 we plot the bond lengths for in-plane and out-of-plane directions along with the c/a ratio inside of the Co layer. For the thickness of d Co > 2 nm, the bond lengths and c/a do not change with increasing layer thickness. The c/a ratio is lower than the bulk value, which indicates the presence of tensile strain inside of the Co layer. However, the values obtained from the experimental measurements [20, 21] for the same Co thickness match the c/a ratio in the unstrained bulk Co. We assume that the initial strain observed in MD in the thick (> 2-nm) layers is related to the imperfection of the interatomic potential and to the idealized model of the as-prepared interface with zero roughness, which cannot be achieved in real structures. Nevertheless, as the c/a ratio stays constant at thicknesses of d Co > 2 nm, it can be taken as the reference value. When the thickness of the Co layer decreases below 2 nm, both in-plane and out-of-plane bonds stretch, and the c/a ratio decreases due to the higher stretching in the lateral direction. Such dependence of the c/a ratio on the thickness is in agreement with experimental observations [20, 21] , see Fig. 11 . Despite the difference in absolute values of the c/a ratios between calculations and experimental measurements, the identical trend in the increase in the c/a ratios with the Co layer thickness justifies the consideration of strain effect in MD simulations.
Comparing the values of bond lengths and the c/a ratio in the sample at the fluence of 2.5 × 10 14 ions cm −2 with the values obtained for perfect sandwich-type thin-film structures, we found that the irradiated sample is identical to the case of the perfect film with d Co = 0.8 nm. This d Co value matches our estimations from the CNA analysis (Sec. IIIB1) as the hcp layer inside the Co film has the same thickness.
We can conclude that by means of ion irradiation, the thickness of the hcp Co layer in the sandwich-type Pt/Co/Pt films can be tuned. This is possible by the alloying of Co and Pt layers in the interfaces promoted by collision cascades. Below a critical size of the hcp layer, the strain inside of the layer is present, which causes reorientation of magnetization from the in-plane to the out-of-plane direction.
IV. CONCLUSIONS
In the present paper, we carried out molecular dynamics simulations of irradiation of Pt/Co/Pt thin films to elucidate the nature of perpendicular magnetic anisotropy observed in recent experiments. The structural modifications caused by radiation in the studied system were analyzed with respect to the possible appearance of magnetic anisotropy. According to molecular dynamics simulations, irradiation of Pt/Co/Pt layered films with Ga + ions causes ion-beam mixing of Co and Pt layers. Although the fcc long-range order was preserved in the irradiated structures, the molecular dynamics simulations could not capture a specific chemical short-range order, which could be associated with the possible magnetic anisotropy. Additional hybrid MC-MD simulations revealed the formation of only insignificant fractions of chemically ordered L1 0 -CoPt, L1 2 -Co 3 Pt, and L1 2 -CoPt 3 phases, which occurred at the depths where atomic concentration of Co and Pt atoms matched the composition stoichiometry. Moreover, uniform growth of the ordered phases with the ion fluence does not correlate with the reported behavior of PMA.
On the basis of the strain analysis in the irradiated structures we suggest that the reorientation of magnetization can be related to the strain induced inside of the Co layer. The tensile strain appears in the initially relaxed hcp layer during its gradual thinning. Thinning of the hcp layer is caused by the alloying of two metals at the interfaces and formation of the α-Co/Pt fcc phase. The dependence of the hcp layer thickness on the ion fluence is in agreement with the behavior of the PMA.
